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Abstract: 


A series of tests were conducted to measure the fracture toughness of 
carbon/epoxy composites. The composites were made from warp-knit carbon fabric 
and infiltrated with epoxy using a resin-film-infusion process. The fabric, which was 
designed by McDonnell Douglas for the skin of an all-composite subsonic transport 
wing, contained fibers in the 0°, ±45°, and 90° directions. Layers of fabric were stacked 

and stitched together with DuPont Kevlar® yarn to form a 3-dimensional preform. 

Three types of test specimens were evaluated: compact tension, center notch 
tension, and edge notch tension. The effects of specimen size and crack length on 
fracture toughness were measured for each specimen type. 

These data provide information on the effectiveness of the test methods and on 
general trends in the material response. The scope of the investigation was limited by 
the material that was available. 

Introduction 

McDonnell Douglas will design and build an all-composite wing for a 
commercial transport aircraft as part of NASA's AST Composite Wing Program. The 
design will address the requirements of the FAA's FAR Airworthiness Standards. This 
includes the requirement that the wing maintain adequate strength after sustaining 
detectable impact damage and discrete source damage. Traditionally, discrete 
source damage is represented as a two-bay crack. A fracture mechanics methodology 
is being developed by NASA to address this requirement and to support the wing 
design. 

This report describes the results of a program conducted to develop 
experimental data in support of NASA's analytical efforts. A series of tests were 
conducted to measure the fracture toughness of composites made of stitched warp-knit 
fabric. Three test methods were investigated: compact tension, center notch tension, 
and edge notch tension. Tests were conducted to assess the sensitivity of the test 
results to specimen size, crack length, and specimen thickness. Notch opening 
displacement was also monitored in some tests to define the onset of damage at the 
notch tips and to establish failure mechanisms. 

A description of the materials tested is provided in the next section. This will be 
followed by a definition of the test specimens and experimental procedures. A review 
of the test results is given in the following section. The final section of the report 
provides a few summary observations. 

Materials Investigated. 

The composites tested in this study were fabricated from an AS4 carbon warp- 
knit fabric made using technologies adapted from the textile industry. The fabric, 
which was designed by McDonnell Douglas for the skin of an all-composite subsonic 
transport wing, contained AS4 fibers in the 0°, ±45°, and 90° directions. The 
orientation and areal weight of each ply of fibers in the fabric is listed in Table I. By 
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areal weight, 44% of the fibers were configured in the 0° direction, 44% in the ±45° 
directions, and 12% in the 90° direction. Layers of fabric were stacked and stitched 
together using a modified lock stitch to form a 3-dimensional preform of required 
thickness. Kevlar 29 yarns of 1 600 and 400 denier were used for the needle and 
bobbin threads, respectively. The thickness of the stitched warp-knit fabric is 0.056 
inches per layer, which is equivalent to 54 plies of prepreg with a 4.3oz/yd z areal 
density. The same fabric was stitched together to make tee-shaped stiffeners that 
were also stitched to the skin. After stitching, the preforms were infiltrated with 3501-6 
epoxy using a resin-film-infusion process. 


Table I. Preform Fiber Orientation and Areal Weight 


Ply Number 

Orientation 

Fiber Areal Weight 
(oz/yd 2 ) 

1 

+45 

5.19 

2 

-45 

5.19 

3 

0 

10.9 

4 

90 

5.86 

5 

0 

10.9 

6 

-45 

5.19 

7 

+45 

5.19 


All the specimens tested in this study were fabricated using the materials and 
procedures described above. They differed only in their thickness and stitch spacing. 
Test specimens were obtained from two sources. Most were machined from a large 
structural test panel that had been fabricated by McDonnell Douglas in Long Beach, 

CA and tested at NASA Langley. This 5-stringer panel featured blade stiffeners 
spaced 8 inches apart. Test specimens were cut from the undamaged sections of 
wing skin material between the stiffeners. The remaining specimens were machined 
from two plain 35-inch by 44-inch plates fabricated at NASA Langley. 

McDonnell Douglas Material 

The specimens machined from the 5-stringer panel consisted of six layers of 
the warp-knit fabric. The fabric was stitched (8 stitches/inch) in the 0° fiber direction. 
The rows of stitches were 0.5 inches apart. 

The target fiber volume content was 54.2%. On average, the actual fiber 
volume content, which was determined through the matrix digestion technique defined 
in ASTM Test Method D-3171 was 55.4%. An examination of the specimens indicated 
that over-compaction of the stitched fabric during manufacture resulted in a 0.025- 
inch-thick layer of neat resin on one surface of the composites. Discounting this 
surface layer, the composites had an effective fiber volume content of 59.4%. Stresses 
were calculated using the thickness associated with the 55.4% fiber volume content. 

A series of tensile tests were conducted to determine unnotched tensile 
properties. The modulus, Poisson's ratio, and strength were measured. These 
properties were measured in the axial or 0° direction only. The transverse properties 



could not be measured since a viable transverse tension specimen could not be made 
from the material between the panel's stiffeners. The results of these tests are 
summarized in Table II. 

Table II. Warp-knit Material's Axial Tensile Properties (6 fabric layers) 


Specimen No. 

Modulus, 

Msl 

Poisson's 

Ratio 

Max. Stress, 
ksi 

501 -T1 

10.5 

0.398 

117.2 

501 -T2 

10.3 

0.406 

122.0 

501 -T3 

10.8 

0.408 

118.5 

501-T4 

10.1 

0.384 

118.6 

Avg. ± Std.Dev. 

10.4 ±0.30 

0.399 ± 0.011 

119.2 ± 2.1 


NASA Langley Material 

The test panels fabricated at NASA Langley consisted of only two layers of the 
warp-knit fabric. The thickness of the test specimens machined from these panels 
were, therefore, 1/3 that of specimens cut from the 5-stringer panel fabricated by 
McDonnell Douglas. Like the Douglas material, these panels were also stitched in the 
0° fiber direction at a stitch density of 8 stitches/inches. However, the rows of stitches 
were only 0.2 inches apart. 

The mechanical properties of these panels were determined by Dr. Alan T. 
Nettles of the Mechanics of Materials Branch at NASA Langley Research Center. A 
summary of the tensile properties measured are contained in Table III. 


Table III. Warp-knit Material's Axial Tensile Properties (2 fabric layers) 


Property 

Longitudinal, 
Avg. ±Std.Dev. 

Transverse, 
Avg. ±Std.Dev. 

Modulus, Msi 

10.19 ±0.19 

4.05 ±0.06 

Poisson's Ratio 

0.400 ± 0.058 

0.172 ±0.009 

Max. Stress, ksi 

131.1 ±7.0 

40.4 ±2.6 


A comparison of the data in the two tables indicates that the two materials had 
comparable axial properties. Dr. Nettles' data also provides a measure of the 
material's anisotropy. 

Poe (Ref. 1) derived the following expression to compute the fracture toughness 
of a composite laminate in terms of constituent properties and a characteristic distance 
d 0 equal to 0.30 inches 172 , which was evaluated using test data. 

(K,) pred - 1-V^vv) 1 
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The 0° layers are assumed to be the critical layers, and the fibers and matrix are 
assumed to be well bonded. Representing the stitched warp-knit fabric as a laminate 
and taking the tensile failing strain of the fibers as e,^ = 0.0148 and the elastic 
constants as E x =10.4Msi, E y = 5.22Msi, v xy = 0.403, = 0.202, the above 

equation gives the fracture toughness (K,) pred = 64.5 ksMnches 1/z . Also, for the 
composite rotated 90° relative to the crack, the equation with the subscripts x and y 
interchanged gives the fracture toughness (K,) pred = 32.4 ksi inches 1/2 . Notice that the 
term is the same for both composite orientations and that (K,) pred is therefore 

proportional to the elastic modulus perpendicular to the crack. 


Test Specimens and Experimental Procedures. 

Three test methods were used to measure the material's fracture toughness: 
compact tension, center notch tension, and edge notch tension. The specimen sizes 
were varied in each type of test to determine if test results were sensitive to specimen 
geometry. The ratio of the notch length, a, to the specimen width, W, was also varied 
in these tests to measure the sensitivity of the toughness measurements to this 
parameter. 

Compact Tension Test Specimens 

The Compact Tension Test Specimens evaluated in this investigation were 
based on the specimen design defined in ASTM test method E-399-90. That method 
was developed to measure the plane-strain fracture toughness of metallic materials. 
Two specimen sizes were tested. Their geometries are defined in Figures 1 and 2. As 
the figures indicate, the Large Compact Tension Specimens are twice the size of the 
Small Compact Tension Specimens. 
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Stitch Direction 



Figure 2. Large Compact Tension Specimen Geometry. 


Compact Tension tests were conducted at a range of a/W ratios. The Small 
Compact Tension Specimens had nominal a/W ratios of 0.45, 0.50. and 0.55. The 
Large Compact Tension Specimens were to be tested at the same ratios. However, 
due to an error in the specimen drawings, these specimens featured nominal a/W 
ratios of 0.60, 0.65, and 0.70. 

Table IV gives the test matrix for the compact tension tests. As the table 
indicates, fracture toughness was measured for crack growth in the direction 
perpendicular to the 0° fibers in most cases. One set of Large Compact Tension 
specimens were fabricated with the notch parallel to the 0° fibers to measure fracture 
toughness for crack growth in this direction. 

The critical dimensions of all the compact tension specimens tested are given in 
Table V. 


Table IV. Number of Compact Tension Tests. 


Notch Orientation 

Nominal a/W Ratio 

0.45 0.50 0.55 0.60 0.65 

0.70 

Notch 1 to 0° Fibers 

Sma 

Specimen (1.7 inches x 1.75 inches) 
1 2 2 

1 

Notch 1 to 0° Fibers 
Notch II to 0° Fibers 

Larc 

ie Specimen (3.4 inches x 3.5 inches) 

1 1 

1 1 

1 

1 

1 
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Table V. Compact Tension Specimen Dimensions. 


Specimen Number 

Thickness, 

Width, 

Actual 


inches 

inches 

a/W Ratio 


Small Specimens (1.7 inches x 1.75 inches) with Notch l to 0° Fibers 


501-CT-1 1 

0.354 

1.409 

0.46 

501-CT-21 

0.351 

1.407 

0.50 

501-CT-22 

0.353 

1.409 

0.51 

501-CT-31 

0.352 

1.403 

0.56 

501-CT-32 

0.352 

1.404 

0.56 

Large Specimens (3.4 inches x 3.5 inches) with Notch ± to 0° 

Fibers 

CT-1L 

0.330 

2.759 

0.57 

CT-2L 

0.331 

2.825 

0.63 

CT-3L 

0.331 

2.800 

0.69 

Large Specimens 

; (3.4 inches x 3.5 inches) with Notch II to 0° 

Fibers 

CT-1L90 

0.326 

2.809 

0.57 

CT-2L90 

0.325 

2.809 

0.63 

CT-3L90 

0.326 

2.809 

0.69 


Center Notch Tension Test Specimens 


Three center notch tension test specimens were evaluated in this study. They 
have been identified by their widths - 2-Inch-Wide, 4-Inch-Wide, and 12-Inch- Wide 
Specimens. 

The 2- and 4-Inch-Wide Center Notch Specimens, shown in Figures 3 and 4, 
respectively, were fabricated from material taken from the structural test panel material 
described earlier. They featured six layers of the warp-knit fabric. As the figures 
demonstrate, the 4-Inch-Wide Specimens were twice as long and wide as the 2-Inch- 
Wide Specimens. Two crack length/specimen width (2a/W) ratios, 0.25 and 0.33, were 
evaluated for each specimen type. 
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Figure 3. 2-Inch-Wide Center Notch Tension Specimen Geometry. 
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Figure 4. 4-Inch-Wide Center Notch Tension Specimen Geometry. 


The 12-Inch-Wide Center Notch Tension Specimens are shown in Figure 5. 
They were fabricated at NASA Langley using two layers of the warp-knit fabric defined 
in Table III. The notch length was varied over a wider range in these specimens to 
determine whether R-Curve effects were present when the thinner material was tested. 
Five specimens were tested; their notch lengths ranged from 3.0 inches to 5.0 inches 
The 2a/W ratios evaluated ranged from 0.25 to 0.42. 



Figure 5. 12-Inch-Wide Center Notch Tension Specimen. 


In addition to the three specimens described above, a series of Inclined Center 
Notch Tension specimens with notches inclined at 45° to the loading direction were 
also fabricated and tested. They were tested to provide a measure of the effect of 
mixed Mode I and Mode II loading on fracture toughness. Their projected notch 
length/specimen width ratios (2a'/W) were comparable to the 2-Inch-Wide Specimen's 
2aA N ratios. These specimens are shown in Figure 6. 
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Figure 6. Inclined Center Notch Tension Specimen. 


The 2- and 4-Inch-Wide and Inclined Center Notch Specimens were tested in 
load frames equipped with hydraulic grips. The 2- and 4-Inch-Wide Center Notch 
Specimens had a test section length to width ratio of 2.0. The Inclined Center Notch 
Specimens had a slightly longer test section length to accommodate the inclined 
notch. They had a test section length/width ratio of 2.5. Bolted mechanical grips were 
used to test the 12-Inch-Wide specimens. They also had a test section length/width 
ratio of 2.0. 

Table VI gives the test matrix for the center notch tension tests. With the 
exception of the Inclined Center Notch Specimens, all notches were oriented 
perpendicular to the 0° fiber direction. Center notch specimens were not tested for 
crack growth parallel to the 0° fibers. 


Table VI. Number of Center Notch Tension Tests. 


Specimen Type 

0.25 

Nominal 2a/W Ratio 
0.29 0.33 0.375 

0.42 

2-Inch-Wide Specimen 

1 

- 

1 

- 

- 

’Inclined Notch Specimen 

1 

- 

1 

- 

- 

4-Inch-Wide Specimen 

1 

- 

1 

- 

- 

12-Inch-Wide Specimen 

1 

1 

1 

1 

1 


’Ratio of projected notch length to specimen width, 2a’/W. 


The critical dimensions of all the Center Notch Tension specimens tested are 
given in Table VII. 
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Table VII. Center Notch Tension Specimen Dimensions. 


Specimen Number 

Thickness, 

inches 

Width, 

inches 

Actual 
2a/W Ratio 

2-Inch-Wide 

Specimens (2.0 inches x 8.0 inches) 


501-CN2 

0.343 

2.001 


0.26 

501-CN3 

0.346 

2.002 


0.34 

Inclined Notch Specimens (2.0 inches x 8.0 inches) 


501-ICN1 

0.323 

2.01 


0.25* 

501-ICN2 

0.324 

2.02 


0.33* 

4-Inch-Wide 

Specimens (4.0 inches x 16.0 inches) 


501-CN1L 

0.326 

4.003 


0.25 

501-CN2L 

0.325 

4.000 


0.34 

12-Inch-Wide Specimens (12.0 inches x 35.0 inches) 


2A#1 

0.113 

12.005 


0.42 

2B#2 

0.113 

11.995 


0.38 

2A#2 

0.113 

12.005 


0.33 

2B#3 

0.112 

12.015 


0.29 

2A#3 

0.112 

11.910 


0.25 


* Ratio of Projected Notch Length to specimen width, 2a'/W. 


Edge Notch Tension Test Specimens 

Two edge notch tension specimens were also evaluated. Specimen size was 
again altered to determine if notch length effects were manifest. The specimens tested 
are shown in Figures 7 and 8. 
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Figure 7. 2-Inch-Wide Edge Notch Tension Specimen Geometry. 
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Figure 8. 4-Inch-Wide Edge Notch Tension Specimen Geometry. 


Like the 2- and 4-Inch-Wide Center Notch specimens, the ends of the Edge 
Notch Specimens were also clamped during loading. Both the 2- and 4-Inch-Wide 
Edge Notch specimens had a test section length/width ratio of 3.0. 

Table VIII gives the test matrix for the Edge Notch Tension Tests. All notches 
were oriented perpendicular to the 0° fiber direction. Edge notch specimens were not 
tested for crack growth parallel to the 0° fibers. The critical dimensions of all the Edge 
Notch Tension specimens tested are given in Table IX. 


Table VIII. Number of Edge Notch Tension Tests. 

Specimen Type Nominal a/W Ratio 

0.25 0.33 0.50 

2-Inch-Wide Specimen 1 1 1 

4-Inch-Wide Specimen 1 1 


Table IX. Edge Notch Tension Specimen Dimensions. 


Specimen Number 

Thickness, 

inches 

Width, 

Inches 

Actual 
a/W Ratio 

2-Inch-Wide Specimens (2.0 inches x 8.0 inches) 

501-ENT1L 

0.322 

2.02 

0.25 

501-ENT2L 

0.321 

2.02 

0.33 

501-ENT3L 

0.319 

2.02 

0.50 

4-Inch-Wide Specimens (4.0 inches x 16.0 inches) 

501-EN1G 

0.346 

4.003 

0.25 

501-EN2G 

0.338 

4.004 

0.34 


Experimental Procedures. 

All fracture toughness tests conducted in this investigation were run in 
displacement control. A ramp rate of 0.05 inches/minute was employed in every test. 

The load, cross head displacement, and crack opening displacement (COD) 
was monitored in all tests. These parameters were scanned and recorded once a 


second. In addition, strain gages were mounted on a number of specimens to 
measure the far-field strains. Files of these data are available for analysis. 


Experimental Results. 

Compact Tension Test Results 

The results of the compact tension tests are summarized in Table X. Two loads 
are listed in the table for each test. The values, listed as P Q , were determined by 
applying the procedure defined in Section 9 of ASTM Test Method E399. This 
procedure is illustrated in Figure 9 where load is plotted against COD for the Small 
Compact Tension Specimen 501-CT-21. Section 9 instructs the investigator to draw a 
secant line through the origin of the test record with the slope (P/v) 5 = 0.95 (P/v) 0 , 
where (P/v) 0 is the slope of the tangent to the initial linear part of the record. The 
criteria listed in the test method define P Q as the intercept of the (P/v) 5 line and the 
load-COD curve since the load at every point on the record which precedes the 
intercept was lower than intercept value. 

As Figure 9 illustrates, the specimen was able to sustain additional load beyond 
P Q , however. This was the case in virtually all of the compact tension tests conducted. 
The maximum loads attained in each test are also listed in Table X. When this occurs, 
E399 requires the investigator to calculate the ratio of P mst JPq- If this ratio exceeds 
1.10, the test is not considered a valid measure of plane strain fracture toughness, K IC . 
The P max /P Q ratios calculated for each test are listed in the table. The data indicate that 
the values exceeded 1 .10 in a majority of cases. 

In interpreting these results, it should be noted that E399 was written for 
isotropic metallic specimens. Composite materials, are generally orthotropic and less 
homogeneous than metals. The applicability of fracture mechanics, in general, and 
this method, in particular, have yet to be established. The data presented in this report 
will contribute to that evaluation. 

For an infinite plate containing a crack, the stress intensity factors for isotropic 
and orthotropic plates are equal (Ref. 2). Based on analytical work of Bowie and 
Freese (Ref. 3) for finite, orthotropic plates with a central crack, the isotropic equations 
for stress intensity factors are within 15% of orthotropic results. Similar accuracy is 
expected for the other specimens tested. 

The fracture toughness was computed for each test using the following equation 
for isotropic materials given in E399. 

K, = (P/BW 1/2 ) f(a/W) 

where: 

, . (2 + a/W) /'0.886 + 4.64a /W -13.32a 2 /W 2 + 14.72a 3 /\N 3 \ 

,(a/W) ~ (1 -a/Wr U5.6a</W< J 


where: 

B = specimen thickness, inches 



P = load, kips 

W = specimen width, inches 
a = notch length, inches 

f(a/W) = correction factor to account for specimen width effects 


Both the maximum load, P max , and the load determined by the offset method, P Q , were 
substituted into this equation. The results are listed in the Table X. 


Table X. Compact Tension Test Results. 


Specimen 

Pq, 

P 

1 max? 

•W Pq 

f(a/W) 

K q , ksi 

* (^l)max? 

(^l)predj 

Number 

kips 

kips 



In. 1 ' 2 

ksl-ln. 1 ' 2 

ksi-in. 1 ' 2 

Small Specimens (1 .7 inches x 1 .75 inches) with Notch 1 to 0° Fibers 

501-CT-1 1 

2.49 

2.68 

1.08 

8.58 

50.8 

54.7 

64.5 

501-CT-21 

1.90 

2.31 

1.22 

9.66 

44.1 

53.6 

64.5 

501-CT-22 

1.63 

2.32 

1.42 

9.96 

38.7 

55.1 

64.5 

501-CT-31 

1.09 

1.88 

1.72 

11.77 

30.8 

53.1 

64.5 

501-CT-32 

1.41 

1.90 

1.35 

11.77 

39.8 

53.6 

64.5 






Av 9- K ™x* 

Std.Dev. = 54.0 ± 0.84 

Large Specimens (3.4 inches x 3.5 inches) with Notch l to 0° Fibers 

CT-1L 

2.68 

2.78 

1.04 

12.20 

59.6 

61.9 

64.5 

CT-2L 

2.30 

2.60 

1.13 

15.44 

63.8 

72.2 

64.5 

CT-3L 

1.47 

1.88 

1.28 

20.45 

54.3 

69.4 

64.5 






AV 9- K max 

±Std.Dev. = 

67.8 ± 5.3 

Large Specimens (3. 

4 inches x 3.5 inches) with Notch II to 0° Fibers 

CT-1L90 

1.62 

1.68 

1.04 

12.20 

36.2 

37.5 

32.4 

CT-2L90 

1.24 

1.24 

1.00 

15.44 

35.1 

35.1 

32.4 

CT-3L90 

0.80 

0.91 

1.14 

20.45 

30.1 

34.1 

32.4 






Avg. K m x 

±Std.Dev. = 

35.6 ± 1.7 | 



0 0.02 0.04 0.06 0.08 0.1 0.12 

COD, in 

Figure 9. Load vs. COD for Small Compact Tension Specimen 501-CT-21 . 


Figure 10 plots the typical load vs. COD curve for Large Compact Tension 
Specimen CT-2L. As in the case of the Small Compact Tension Specimens, the notch 
was cut perpendicular to the 0° direction in this specimen. 


A comparison of the results obtained for the Small specimen (Figure 9) and the 
Large specimen (Figure 10) indicates that, despite their size differences, the two 
specimens exhibited similar responses. The curves exhibit a nonlinear response prior 
the first load drop. Both specimens also continued to accept load beyond their P Q 
levels. Finally, they both reached a maximum load greater than 1.10 times the P Q 
value. 


Although it is not reflected in these figures, the Large and Small Compact 
Tension Specimens failed in different manners. Macroscopic crack growth in the 
Small specimens was parallel to the 0° fibers. Failure progressed from the notch tip in 
a vertical direction. Failure in the Large specimens progressed in a horizontal 
direction from the notch tip, which is usually referred to as self-similar fracture. The 
non-self-similar fracture is sometimes observed in specimens that have positive T- 
stresses. (The stress intensity factor is the coefficient of the singular term in the 
Williams series expansion of stresses, and the T-stress is the coefficient of the zero 
order term.) 





0 0.05 0.1 0.15 0.2 

COD, in 

Figure 10. Load vs. COD for Large Compact Tension Specimen CT-2L. 


Figure 1 1 plots the response of Specimen CT-2L90. This is a Large Compact 
Tension Specimen in which the notch was machined parallel to the 0° direction. 
These specimens also failed in a self-similar manner. 

The figure illustrates that, as in the case of Specimen CT-2L (Figure 10), this 
specimen was also able to sustain additional load beyond P Q . However, in contrast to 
the specimens in which the crack growth was perpendicular to the 0° fibers, the 
maximum load sustained by the specimen was approximately equal to the load 
defined as P Q . As the data in Table X illustrates, this was the case in two of the three 
CT-L90 specimens tested. 
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Figure 11. Load vs. COD for Large Compact Tension Specimen CT-2L90. 

The values of (K,)max for the large compact specimens in Table X were 5 to 
10% greater than the (K,)^ values, depending on notch orientation. Thus, the 
measured values were in reasonably good agreement with the predicted values. The 
values of (K,)max for the small compact specimens, which did not fail in a self-similar 
manner, were 84% of (K,)^. 

Center Notch Tension Test Specimens 

The results of the center notch tension tests are summarized in Table XI. The 
table lists the 2a/W ratios plus the maximum loads attained during loading. The 
maximum stress values were computed by dividing the measured maximum loads by 
the cross-sectional areas which were computed using the dimensions given in Table 
VII. 



Table XI. Center Notch Tension Test Results. 


Specimen 

Number 

Actual 
2a/W Ratio 

Max. Load, Max. 

kips Stress, 

ksi 

(K,) max , 

ksl-lnches 1 ' 2 

(^l)pred> 

ksl-lnches 1/2 


2-Inch-Wide Specimens (2.0 inches x 8.0 inches) 


501-CN2 

0.26 

44.3 64.5 

60.9 

64.5 

501-CN3 

0.34 

37.2 53.7 

59.8 

64.5 


inclined Notch Specimens (2.0 inches x 8.0 inches) 


501-ICN1 

0.25’ 

39.8 61.3 

57.8 

64.5 

501-ICN2 

0.33’ 

37.7 57.6 

62.4 

64.5 


4-Inch-Wide Specimens (4.0 inches x 16.0 inches) 


501-CN1 L 

0.25 

76.7 58.8 

77.2 

64.5 

501-CN2L 

0.34 

59.1 45.5 

71.3 

64.5 


12-Inch-Wide Specimens (12.0 inches x 35.0 inches) 


2A#1 2 

0.42 

39.9 29.4 

92.9 

64.5 

2B#2 

0.38 

52.6 38.8 

113.5 

64.5 

2A#2 

0.33 

47.8 35.2 

95.2 

64.5 

2B#3 

0.29 

57.7 42.9 

106.6 

64.5 

2A#3 

0.25 

64.3 48.2 

108.9 

64.5 


’Ratio of Projected Notch Length to specimen width, 2a'/W. 

2 Specimen 2A#1 exhibited transverse buckling prior to failure. An anti-buckling guide 
was used to suppress buckling on all subsequent tests. 


Except for the inclined notch specimens, the fracture toughness values listed in 
Table XI were computed using the following equation developed by Fedderson for 
isotropic materials (Ref. 2). 

K, = o^Vjta[sec(n;a/W)] 1/2 


where: 

a„= maximum applied stress 
a = half crack length 
W = specimen width 

For the inclined notch specimens, the fracture toughness values were computed using 
the following equation for an infinitely wide specimen made of isotropic material (Ref. 4 
with correction of Ref. 5). 


K, = o^Vjta 


sin(p)cos^|j sin(p)cos 2 ^|j -|cos(p)sin(0) 
2c [cos 2 (p)-sin 2 (p)]sin 2 (0) 


1 6 


and 




0 = sin 2 (p)sin(0)-sin(p)cos(p)[l-3cos(0)] 


16 [2c 
3 V a 


[cos 2 (p)-sin 2 (p)] 


sin(^) cos(0) 


where: 

a = half length of inclined crack. 

p = angle of inclination measured from direction of loading. 

0 = direction of maximum polar stress o e0 at a distance r = c. The angle 0 is 
measured from the inclined crack and has values between -90° and 0°. 

The antisymmetry of the inclined crack induces both Mode I and Mode II 
deformation at the notch tip. The presence of a Mode II component has been shown to 
cause the crack to turn from the direction of the inclined notch and follow a direction 
perpendicular to the applied load in a manner that maximizes the component of polar 
normal stress 099. See for example Ref. 4. For p = 45°, the direction 0 is equal to - 

53.13°, independent of the distance c, and K, = 0.8944 o w 4na = 1.064 Thus, 

the fracture is predicted to propagate initially 98.13° from the loading direction. 
Examination of the failed specimens revealed that the mean path of the fracture was 
about 90°. Matrix cracking in the surface 45° plies obscured the exact initial direction. 

The average values of fracture toughness for the 2-Inch-Wide and Inclined 
Specimens were 6.7% less than the predicted value in Table XI. The fracture 
toughness values of the Inclined Specimens would be even closer if finite width 
correction factors were applied. The average values for the 4- Inch-Wide Specimens 
were 15% greater than the predicted value. Thus, the fracture toughness values for 
the 6- layer-thick material were reasonably close to the predicted value. On the other 
hand, the average fracture toughness value for the 12-Inch-Wide Specimens, which 
were made from the 2-layer-thick material, was 60% greater than the predicted value. 

Poe (Ref. 1 ) has noted that thick and thin fracture specimens demonstrate 
different responses. A thin specimen's response may be dominated by a dispersed 
pattern of matrix cracking and delamination found in the specimen's outer layers. 
Although these failure mechanisms are present in the outer layers of thicker 
specimens, the specimen response in these cases is dominated by the constrained 
core of inner layers. Poe noted that damage in these inner layers is limited to a narrow 
band and that a well-defined crack surface is evident in these layers. 

Figures 12 and 13 plot the COD vs. the applied stress for the Small and Large 
Center Notch Tension Specimens. Straight lines have been fit to the initial portions of 
the curves to aid in identifying the onset of damage development. 
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Figure 12. 
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COD vs. Stress for Center Notch Specimens (2a/W = 0.25). 
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Figure. 13. COD vs. Stress for Center Notch Specimens (2a/W = 0.33). 


The COD vs. Load plot for a typical 12-Inch-Wide Specimen is shown in Figure 
14. The specimen was loaded and unloaded four times prior to failure so that 
radiographs could be made of the damage at the crack tips. Test results indicated that 
large changes in the curves' slopes accompanied bursts of matrix cracking and 
delamination. This is seen during the fourth and final loading in this specimen. 
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Figure 14. COD vs. Load for 12-Inch-Wide Center Notch Tension Specimen 2B#2. 


Edge Notch Tension Test Specimens 

The results of the edge notch tension tests are summarized in Table XII. The 
table lists the a/W ratios plus the maximum loads attained during loading. As in the 
case of the center notch tension tests, the maximum stress values were computed by 
dividing the measured maximum loads by the cross-sectional areas which were 
computed using the specimen dimensions. These values are given in Table VIII. 

The fracture toughness values listed in Table XII were computed using an 
equation developed by Gross (Ref. 2) for isotropic materials with uniform applied 
stress boundary conditions. The equation is given below: 

K, = o^V^a 1.12- 0.23(a/W) + 1 0.6(a / W) 2 - 21 .7(a/ W) 3 + 30.4(a / W) 4 


where: 

o x = maximum applied stress 
a = crack length 
W = specimen width 

The values of K, in Table XII are 41 to 108% greater than K pred . It should be 
noted, however, that the boundary conditions that existed in these tests were more 
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nearly uniform applied displacement. Bloom (Ref. 6) has shown that stress intensity 
factors under uniform displacement conditions can be much smaller than those for 
uniform stress conditions, depending on specimen configuration. Thus, the values of 
K, are probably calculated incorrectly. 


Table XII. Edge Notch Tension Test Results. 


Specimen 

Actual 

Max. Load, 

Max. 

(K,) max , 

(^i)precP 

Number 

a/W Ratio 

kips 

Stress, 

ksi 

ksl-lnches 1/J 

ksl-lnches 1 ' 2 


Small Specimens (2.0 inches x 8.0 inches) 


501-ENT1 L 

0.25 

31.6 

48.6 

91.2 

64.5 

501-ENT2L 

0.33 

25.3 

39.0 

101.1 

64.5 

501-ENT3L 

0.50 

16.9 

26.2 

134.2 

64.5 


Large Specimens (4.0 

inches x 16.0 

i inches) 


501-EN1G 

0.25 

51.3 

37.0 

99.7 

64.5 

501-EN2G 

0.34 

40.1 

29.6 

112.5 

64.5 


Figures 15 and 16 plot the crack opening displacement (COD) vs. net stress 
curves for the Small and Large Edge Notch Tension tests. The data measured for 
specimens with a nominal a/W ratio of 0.25 are shown in Figure 15. The 0.33 a/W data 
are shown in Figure 16. Straight lines have again been fit to the initial portions of the 
curves to aid in identifying the onset of damage development. 
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Figure 16. COD vs. Stress for Edge Notch Specimens (a/W = 0.33). 


Summary 

A series of exploratory tests were conducted to determine the fracture 
toughness of stitched multi-axial warp-knit material. Compact tension, center notch 
tension, and edge notch tension specimens were evaluated. Empirical data were 
developed to establish the effects of specimen thickness, notch size, and specimen 
size on the material response. Values of fracture toughness were also predicted from 
constituent properties for comparison. 

These date provide information on the effectiveness of the test methods and on 
general trends in the material response. The limited amount of material available 
limited the scope of the investigation. 

The results of the tests are summarized below by test type. Fracture toughness 
values are also summarized in Figure 17 for all test types. 

Compact Tension Tests 

• The values of fracture toughness for the large compact specimens were within 10% 
of the predicted values. 

• The values of fracture toughness for notches oriented parallel to the 0° fibers were 
about one half the values for notches oriented perpendicular to the 0° fibers. As 
predicted, the values of fracture toughness increased in proportion to the elastic 
modulus in the direction of loading. 
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• The P max /P Q ratios exceeded 1 .10 in a majority of cases indicating that the fracture 
toughness values measured were invalid using the criteria listed in ASTM E399. It 
should be noted, however, that this criteria was developed for isotropic metals. 

• The Large and Small Specimens exhibited distinctly different macroscopic failures. 
The cracks grew in a self-similar fashion in the Large Specimens but grew 
perpendicular to the notch in the Small Specimens. The values of fracture 
toughness for the Small Specimens were 84% of the predicted value. 

Center Notch Tension Tests 

• The average values of fracture toughness for the 2- and 4-Inch-Wide Specimens 
and Inclined Specimens were between -6.7% and 15% of the predicted value. 

• The average value of fracture toughness for the 12-Inch-Wide Specimens was 
60% greater than the predicted value. The 1 2-Inch-Wide Specimens were much 
thinner than the other specimens. The small thickness is believed to cause the 
high toughness since the thick and thin composites had similar unnotched 
mechanical properties. 

• The crack grew approximately perpendicular to the applied load in the Inclined 
Notch Specimens as predicted. 

Edge Notch Tension Tests 

• The values of fracture toughness were 41 to 108% greater than the predicted 
value. This discrepancy is probably due to the assumption of uniform stress. The 
actual boundary condition was more nearly uniform displacements. Numerical 
results in the literature indicate that the stress intensity factor would be significantly 
lower for uniform displacements than for uniform stress. 
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Figure 17. Summary of Fracture Toughness Values for all test types. 
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